s Abstract The metabolic characteristics of a yeast cell determine its life span.
Yeast Aging
The focus of this review is the yeast Saccharomyces cerevisiae. Although recently Schizosaccharomyces pombe has been shown to have a limited life span, this has not yet been exploited (4) . Attention has been directed toward the finite capacity of individual yeast cells to divide, as a manifestation of an aging process (81) . This limited replicative life span is quite independent of calendar time (83) . More recently, survival of yeast cells in stationary phase (115) has been espoused as a model for chronological aging, measured by time rather than by cell divisions (72) .
The replicative and chronological models of yeast aging seem disparate. The point has been taken that the replicative model may be useful for understanding the aging of dividing cells of higher eukaryotes, while the chronological model may be informative of events in post-mitotic cells (72) . Such a stark distinction seems oversimplified (42) . From the yeast spore, through the stationary phase cell, to the growing and rapidly dividing yeast cell, one can readily discern a metabolic continuum. There is a marked reduction in metabolic activity from exponential growth to stationary phase (61, 115) . This reduction displays its zenith in the spore, which nevertheless has a measurable metabolic rate (80) . Depending on the circumstances, the relative contributions of respiration and fermentation vary, indicating qualitative changes in metabolism. This presents difficulties in the choice of suitable indices of overall metabolic activity. It is clear, however, that it takes nondividing yeast much longer to carry out a given amount of metabolic activity than it does dividing yeast. Residence in stationary phase tends to shorten the subsequent replicative life span of yeast cells (2, 42) , indicating the corresponding impact of metabolic activity on both chronologic and replicative aging and providing support for the metabolic continuum discussed here.
Nondividing cells are in general more stress resistant. Stationary phase yeasts are more resistant to heat and to oxidative stress (77) , although they are more sensitive to ultraviolet radiation (88) . This stress resistance may be a response to the nature of the metabolism of these cells, which are in a respiratory mode. There may also be a distinct fitness strategy at play here (40) . Nondividing cells and spores must devote significant energy to survive in the face of stress. Dividing cells, on the other hand, deploy their metabolic resources to an increase in progeny, a few of which may survive in the face of stress by the force of their sheer numbers. Thus, a trade-off is at play.
The yeast system provides opportunities for examining the processes underlying demographic selection. Both dividing and nondividing yeast cells exhibit a plateau in mortality rate with age (46, 112) . In the first case, it is clear that this is the result of the properties of the aging cohort. However, the dramatic and repeated fluctuations in viability of stationary cultures presented may reflect the lysis and regrowth of cells.
During their replicative life span, yeast cells undergo a variety of morphological and physiological changes (38, 45) . Many of these alterations represent declining function. Thus, yeasts are subject to functional senescence. This is an important conclusion that cannot be extended to stationary phase yeasts at present. Without functional senescence, it is difficult to speak of a biological aging process.
Factors Contributing to Aging
Over 30 genes play a role in determining yeast replicative life span (45). A few genes have also been implicated in chronological aging (26) , but there are likely to be many based on the genetics of survival in stationary phase. These genes encode a wide array of biochemical functions, suggesting that even in yeast aging is a complex process and that there is more than one cause of aging. Despite this complexity, there are only a handful of physiological principles underlying yeast aging (39) . These include metabolic capacity, resistance to stress, gene dysregulation, and genetic stability.
The aging phenotype is elicited through the interaction of the longevity genes with the environment. It should already be clear how complicated this interaction can be from the discussion of the trade-off between growth and stress resistance. This interaction becomes even more complicated owing to the generation of stress by metabolic activity in the form of oxidative damage, among others.
In addition to the genes and the environment, chance or random events are important in aging. Of course, the environment introduces its own dose of uncertainty; however, here the focus is on epigenetic factors that are rooted in the fact that the organism constitutes a network of interacting structures, pathways, and processes. It has been proposed that change is the cause rather than the effect of aging, and this has been modeled mathematically (41, 46) . Such change acts at various levels of biological organization, from the molecular to the cellular, and it constitutes a random epigenetic factor that operates according to deterministic rules [for a simple allegory, see (45)]. The mathematical model referenced here accurately predicts the epigenetic stratification of an aging yeast population, resulting from individual change, which leads to the plateau in mortality rate (46).
Deterministic rules can describe the impact of random events on aging. Is the opposite the case? Do stochastic events during aging contain information about the biological aging process? One such stochastic event is the change in the choice of bud site during the yeast replicative life span. The sum of these changes during the life span is termed the budding profile. Budding profiles are highly individual, as cells adopt bud sites in an ordered or random way, and they can be described mathematically (47). Significantly, these profiles accurately categorize individual longevity, long or short. The model predicts that a degree of randomness (random budding) is important for long life, and this expectation has been experimentally confirmed. Perhaps this can be interpreted as a need for some plasticity, so that the organism can more easily respond to different exigencies.
METABOLISM IS A DETERMINANT OF YEAST LIFE SPAN
The greater the metabolic capacity the longer the replicative life span of a yeast cell. This statement can be made a priori because the production of successive daughter cells requires expenditure of energy and production of biomass. However, two recent developments provide a strong foundation for the importance of metabolism in yeast aging. They are the implication of the retrograde response and caloric restriction in determining yeast replicative life span.
Retrograde Response
Induction of the retrograde response causes an increase in replicative life span (59) and entails an increase in stress resistance (59, 111) . The retrograde response denotes changes in gene expression that occur in petite yeast cells (87) . Petites are strains that lack fully functional mitochondria, and they can be spontaneous or induced. It is now clear from microarray studies that the retrograde response entails a wide array of changes in gene expression (25, 111) . These changes in gene expression portend a broad metabolic remodeling of the cell in response to the metabolic duress associated with mitochondrial dysfunction (Figure 1 ). This includes the increased expression of genes that encode proteins involved in transport of small molecules, peroxisomal biogenesis and function, stress responses, and anaplerotic reactions. The latter involves the glyoxylate cycle and the generation and utilization of acetate, which would allow replenishment of Krebs cycle biosynthetic intermediates from acetate as a net source of carbon. Unlike the Krebs cycle, the glyoxylate cycle conserves carbon, facilitating more efficient utilization of resources.
The retrograde response depends on the action of three genes RTG1, RTG2, and RTG3 (48, 68). Rtg1p and Rtg3p are the subunits of a heterodimeric, basic helix-loop-helix-leucine zipper transcription factor. Rtg2p is involved in the translocation of this transcription factor from the cytoplasm to the nucleus and in its activation (94) . In cells under metabolic duress, the expression of Krebs cycle genes is under the control of the RTG genes, whose products replace the HAP transcription complex (70) .
The retrograde response is repressed by glutamate, a rich nitrogen source (60, 70, 71) . Rtg2p plays a special role in the response to the quality of the nitrogen source, acting upstream of the nitrogen catabolism regulation pathway (89) . The Lst8p negatively regulates RTG gene function upstream through the expression of the Ssy1p-amino-acid sensor at the plasma membrane and downstream between Rtg2p and the Rtg1p-Rtg3p transcription factor (71) . At least part of the effects of the retrograde response appears to be modulated by the target of rapamycin (TOR) kinase pathway (60) . The retrograde response is potentiated by RAS2 (59), yet another example of crosstalk between pathways that modulate metabolism. It should be stressed, however, that save for one limited study (101) the ramifications of the retrograde response at the transcriptional level have not been examined to determine their impact on cell biochemistry and physiology.
The enhancement of longevity by the retrograde response occurs in a variety of yeast strains, in which the conditions under which the retrograde response is induced vary. It has been shown to require RTG2 and RAS2 (RTG1, RTG3, and LST8
have not yet been tested). The retrograde response is under glucose repression, and in some strains it appears to be constitutively activated, such that when glucose repression is relieved the response is induced and life span is extended. This may have potential consequences for the interpretation of experiments in which a reduction in glucose levels is found to increase life span.
The retrograde response does not appear to act as a simple on-off switch, but instead resembles more a rheostat that ratchets up the gene expression and associated life extension in response to the severity of the mitochondrial dysfunction (44). Mitochondrial dysfunction accumulates with age in mammals (97) . It has recently been shown that this is also the case in yeast (61a) . This loss of mitochondrial function with age may be due to the increase in oxidative stress with age (63) . Thus, the retrograde response may have a function during normal aging to compensate for accumulating mitochondrial dysfunction, allowing cells to live as long as they do.
Caloric Restriction
For 70 years, caloric restriction, also called dietary or food restriction, has been known to extend mean and maximum life span and to postpone the manifestations of aging in rodents (78) . Its effects are proportional to the extent to which dietary intake is curtailed, up to the point at which malnutrition sets in. The beneficial consequences of this regimen do not depend on the specific nutrient that is manipulated, prompting the notion that it is the calories consumed that are important. Caloric restriction in rodents reverses many of the senescent changes in gene expression in the various organs examined (32, 54, 64, 65) . These changes do not necessarily correspond to those observed in older humans (114) . One of the earliest events that occurs when caloric intake is lowered is a reduction in blood glucose levels (12) , and it has been postulated that caloric restriction depends on a change in the way that glucose is metabolized (78) .
A phenomenon resembling caloric restriction has recently been described in yeast (49). For simplicity, it will be called caloric restriction here, although there is no evidence that it is a reduction in the number of calories consumed that is relevant. Caloric restriction in yeast possesses all of the hallmarks of the mammalian phenomenon. Mean and maximum replicative life span are extended in proportion to the reduction in available nutrients in the growth medium, and this can be elicited by lowering either glucose or amino acid concentrations. Importantly, the increase in generation time, the interval between consecutive buddings, which normally occurs as yeasts age, is retarded. Thus, not only is life span increased but also aging is postponed.
Genetic evidence indicates that there is no overlap between the retrograde response and caloric restriction pathways (49). This conclusion was reached based on experiments in which the combined effects on longevity of nutrient manipulation and deletions of RTG2 and RTG3 were examined. This is significant because both retrograde response and caloric restriction represent metabolic mechanisms. Indeed, the same experiments suggest that, although the pathways are independent, there may be some interaction at the level of the longevity effectors that are under their control. Molecular analyses directed toward the identification of the caloric restriction effectors appear to rule out increased CIT2 mRNA expression, which is a diagnostic of the retrograde response and of the glyoxylate pathway (49). However, it is important to keep in mind that posttranscriptional effects could be operating during caloric restriction.
Another study of caloric restriction in yeast has directly addressed signaling events (69) . The negative impact on replicative life span of adenylate cyclase and its target protein kinase A was demonstrated, confirming the results of earlier studies (105) . Ras2p stimulates adenylate cyclase in yeast, thus implicating the Ras-cAMP pathway. The life-extending effect of mutations in CDC25, which encodes a Ras2p-stimulatory factor, supports this association (69) . However, RAS2 functions in both cAMP-dependent and -independent pathways that affect longevity (105) , and adenylate cyclase is the target of several signal transduction pathways (108) . Epistasis studies were not carried out to resolve these issues. The connection between the Ras-cAMP pathway and caloric restriction was drawn from the presumed role of this pathway in glucose signaling (69) . However, the involvement of RAS2 in glucose signaling is questionable (108) .
A more plausible candidate for the glucose signaling pathway in caloric restriction includes the glucose sensor Gpr1p and its target Gpa2p, based on the extended life span of mutants in the respective genes (69) . Indeed, the life extension observed upon lowering glucose levels (69) may well operate through the Gpr1p/Gpa2p pathway. However, the combination of glucose reduction and manipulation of GPR1 and/or GPA2 was not explored in this study to confirm the association. It is possible that more than one glucose signaling pathway is involved in the caloric restriction effect, and it will be important to establish their relative contributions to determining life span. Because only the effect of a single, modest reduction in glucose levels was examined (69) , it is possible that the observed effects on life span were the result of elimination of glucose repression. The indication that release from glucose repression may be the operative mechanism is suggested by the life extension observed by deletion of HXK2 (69) , which is known to be required for glucose repression (51). The retrograde response can elicit its life-extending effect on life span in some yeast strains simply through the release from glucose repression (59) . It would be important to examine the effects of deletions of RTG genes on the life span effects observed, as in other studies of caloric restriction in yeast (49). Overall, the analysis of all the effects on life span of the glucose reduction and the various genetic manipulations (69) would require the use of a common genetic background to be congruent.
Despite the qualifications, the GPR1/GPA2 pathway presents an attractive candidate for the glucose signaling pathway in yeast caloric restriction (Figure 1) . This, however, still leaves open the identity of a putative amino acid signaling pathway, whose operation in caloric restriction is indicated by the life-extending effect of lowering amino acid concentrations in the growth medium (49). There is no direct data available to guide our speculation. However, the interaction of caloric restriction and the retrograde response at the level of some of the longevity effectors (49) raises interesting possibilities in the form of the TOR pathway. This pathway is also involved in nutrient responses, including nitrogen source, and it negatively regulates the nuclear accumulation of the Rtg1p-Rtg3p transcription factor (60) . It is unclear at present whether caloric restriction in yeast exerts its effects through glucose and amino acid signaling and/or through changes in metabolism that pertain when the levels of these nutrients drop. In more general terms, caloric restriction may operate either through the positive actions of nutrient reduction or through the elimination of the negative effects of excess nutrients.
An attractive mechanism to explain the effects of caloric restriction on life span has been proposed recently (69) . In this mechanism, the yeast cell would perceive its metabolic status through NAD levels and translate this to replicative life span through the SIR2 NAD-dependent histone deacetylase. Clearly, deletion of SIR2 shortens life span (36, 57) . Deletion of SIR2 prevents any life extension by mutation of CDC25 (69) . This latter effect has been taken as evidence that caloric restriction operates through SIR2 (69) . The connection with caloric restriction is tenuous because manipulation of CDC25 was used as a surrogate for glucose reduction. CDC25 operates upstream of RAS2, a known longevity gene in yeast (105) . RAS2 impacts life span through several pathways and processes [see (42) for review]. One of these pathways affects chromatin-dependent gene silencing (46), in which SIR2 participates.
The role of SIR2 as a master regulator of longevity, although attractive, requires additional justification. It has been proposed that caloric restriction by slowing metabolism enhances NAD levels. This, in turn, would increase the activity of the Sir2p histone deacetylase, preventing the inappropriate expression of genes and thus aging. Such a mechanism has its attractions (37, 39) . However, it is not likely to operate as a normal cause of aging because NAD levels increase during the yeast replicative life span (1) . Most importantly, deletion of SIR2 does not suppress the increase in life span observed on reduction of glucose levels but only has an additive effect, indicating that caloric restriction and SIR2 operate in separate pathways (50a).
Nutrient limitation in some yeast strains results in filamentous growth under certain conditions. Cells become elongated and they bud in a unipolar fashion providing for directional growth. In diploid strains this habit is termed pseudohyphal growth (30) , and it is elicited by nitrogen starvation (75) . In haploids it is known as invasive growth (75), and it is triggered by glucose deprivation (16) . There are several similarities between filamentous growth and replicative life span. In each case, the number of cell divisions before growth ceases is at issue. Importantly, filamentous growth and replicative life span are potentiated by RAS2, acting in a cAMP-independent pathway (13, 30, 105) , which prompts their juxtaposition (38) . RAS2 is involved in life-extension by the retrograde response (59) . It will be interesting to see whether it modulates the caloric restriction effect on longevity. No evidence for filamentous growth was detected in the caloric restriction (49) or retrograde response (59) studies, indicating that these cellular responses are not equivalent to filamentous growth. Interestingly, the GPR1/GPA2 pathway is required for filamentous growth (73) .
The retrograde response appears to compensate for the mitochondrial dysfunction that accrues with aging ( Figure 1 ). It has been proposed that caloric restriction affects many of the same cellular functions. However, unlike the retrograde response, caloric restriction may prevent damage and dysfunction, delaying the onset of aging and ameliorating its symptoms (49).
Snf1 Protein Kinase and Yeast Aging
Snf1p is required for the de-repression of glucose-repressed genes upon depletion of glucose in the growth medium, which allows the cell to utilize alternative carbon sources [for review see (51)]. The nature of the proximal signals that regulate Snf1p is not known. An attractive candidate is AMP or the AMP:ATP ratio. This is based on the similarity of the subunits of the Snf1 kinase (Snf1, Snf4, and Sip proteins) to the mammalian AMP-activated protein kinase, interpreted to be a fuel gauge. However, Snf1p is not directly activated by AMP.
The Sip2p, a component of the Snf1 protein kinase complex thought to be involved in targeting of this enzyme to its substrates, is required for yeast cells to have a life span of normal length (1). Elimination of Sip2p results in the hyperactivation of Snf1 protein kinase. It also reduces resistance to nutrient deprivation. The life span-shortening effect of deletion of SIP2 was suppressed by deletion of SNF4, which encodes an activator of Snf1p. The results prompt the notion that inappropriate activation of certain pathways normally activated during glucose deprivation may be deleterious. There are at least two plausible candidates that may be activated by caloric restriction (Figure 1) , one of which is the Snf1p pathway (1) and the other is the Gpr1p/Gpa2p pathway (69).
Energy Metabolism and Cellular Stress
Respiration brings with it oxidative stress, a consequence of leakage of electrons passing through the electron transport chain in the mitochondrion. As glucose levels drop in the growth medium, yeasts shift from fermentation to respiration to meet their energy needs (29) . This is the situation yeasts encounter in stationary phase (115) . Under these conditions, stress resistance is at a premium. Thus, it is not surprising that null mutations in SOD1 and SOD2, encoding superoxide dismutases, shorten the chronological life span of yeasts in stationary phase (72) . Given the metabolic continuum mentioned earlier, it is reassuring that the same pertains to replicative life span (3, 113) .
The yeast chronological aging model system has been used to demonstrate the enhancement of survival by mutations in CYR1, which encodes adenylate cyclase (26) . cAMP activates protein kinase A, which in turn blocks transcription of stress response genes by inhibiting the Msn2p-Msn4p transcription factor (77) . The effect of the cyr1 mutants on chronological aging appeared to be mediated through the Msn2p-Msn4p transcription factor because deletion of MSN2 or MSN4 reversed the effects of the mutation in CYR1 (26) . This supports the importance of stress resistance in chronological aging. Curiously, the deletion of MSN2 and MSN4 did not affect the survival of cells possessing an intact CYR1 gene, indicating that in a normal wild-type cell the MSN2/MSN4 pathway does not play a role in survival in stationary phase. These results might also indicate that the cyr1 mutation simply results in a perturbation and that adenylate cyclase plays no role in normal aging.
The same study also showed that deletion of SCH9, encoding a protein kinase B homolog, improved survival in stationary phase (26) . This effect was only partially suppressed by deletions of MSN2 and MSN4, suggesting that not only stress responses are involved. The Sch9 protein kinase impinges on the protein kinase A signaling cascade downstream of the latter because some of the defects associated with the loss of protein kinase A activity can be suppressed by overexpression of SCH9 (110), indicating it can partially substitute for protein kinase A. SCH9, like RAS2, modulates metabolic pathways, providing support for the role of metabolism in chronological aging. Also in common with the latter, the nature of the upstream signals that regulate Sch9p activity are not clear (108) . Unlike Ras2p, knowledge of the downstream targets of Sch9p is scant. SCH9, in contrast to RAS2, is not involved in filamentous growth (73) .
Longevity Effectors of Metabolic Pathways
Given the numerous changes in gene expression upon induction of the retrograde response, it would seem difficult to determine which are causal for life extension. The diagnostic gene for this response, CIT2, is not required (59) . Lack of CIT2 may be accommodated in various ways to allow extension of life span. Indeed, a response as complex and robust as this is likely to have a good deal of inherent flexibility, especially because it is a way in which the cell makes the best of a bad situation. It seems logical that the effect on life span should be multifactorial and combinatorial. Assignment of cause and effect in such a situation is indeed a complicated undertaking that may require more than simple deletion or overexpression studies.
The situation is not likely to be easier in the case of caloric restriction. If the many changes in gene expression that occur in mammalian systems are to be taken as a guide, caloric restriction in yeast will present a complex picture, which is yet to be examined. A similar situation pertains to genetic manipulations that affect global profiles of chromatin-dependent transcriptional silencing. The histone deacetylase genes RPD3, HDA1, and SIR2 play a role in determining yeast replicative life span (36, 57) . Deletions in these genes result in changes in expression of large suites of genes (8, 35, 116) , which overlap partially. Combination of deletions in these genes with caloric restriction provided evidence for the existence of common longevity effectors for caloric restriction and the genes RPD3 and HDA1 (50a). The longevity effector genes appear to reside in pathways of energy metabolism. The outcome for SIR2 was more complicated. The effects on life span of glucose reduction and deletion of this gene were purely additive. However, deletion of SIR2 partially suppressed the life extension observed upon lowering amino acid concentrations, suggesting partial overlap between the effects of the two manipulations. In fact, SIR2 deletion increases expression of many genes involved in the synthesis of amino acids. This could counter the reduction in amino acids available in the growth medium and thus prevent the life extension afforded by this nutritional treatment.
CELLULAR STRESS IS A DETERMINANT OF YEAST LIFE SPAN
The Janus Face of RAS Yeasts are exposed to a variety of stresses in their environment. Thus, it is not surprising that resistance to stress affects the replicative life span. However, the effect of stress on life span depends on the nature of the stress and on its timing. The role of resistance to oxidative stress has already been discussed. Resistance to ultraviolet radiation increases with age, reaching a zenith in mid-life (53). This coincides with the peak in RAS2 expression during the replicative life span (53, 105). RAS2 is required for the response to ultraviolet radiation (24) .
The impact of heat stress on yeast replicative life span is complicated (Figure 2) . A single bout of sublethal heat stress has little or no effect on longevity. However, chronic episodes of stress markedly diminish it (95) . This is exactly the type of situation that may normally pertain in nature. Deletion of RAS2, but not RAS1, exacerbates the curtailment of life span. This may seem surprising given all that has been said about the suppression of stress responses by RAS2. However, examination of the effects of sublethal heat stress on stress response and growth genes provides a satisfying explanation (95) . Without RAS2, the induction of the former and the repression of the latter linger inordinately, preventing resumption of normal growth. Thus, it appears that it is just as important for the cell to rapidly recover from heat stress as it is to mount a response to it. Chronic stress response appears to be deleterious. This conclusion is supported by the rescue of longevity of yeasts exposed to repeated bouts of sublethal heat stress by overexpression of RAS2 (95) . Furthermore, this action of RAS2 requires its adenylate Figure 2 The effects of the RAS genes on replicative life span depend on the environmental conditions. LAG1, through its role in ceramide synthesis, is proposed to interact with RAS1 in response to heat stress. For further details, see text.
cyclase-stimulatory activity (95) , implying downregulation of stress response gene expression (77) .
In contrast to the observations on heat-stressed cells, it is the cAMP-independent pathway that RAS2 stimulates to increase replicative life span when it is overexpressed in unstressed cells (105) . Indeed, deletion of RAS2 shortens the life span of cells that are not under overt stress. On the other hand, Ras-cAMP pathway activity decreases survival of cells in stationary phase (26, 107) . Even under growth conditions lacking stress, however, too much Ras activity shortens replicative life span (13, 105) . The distinction is in the amount of Ras-cAMP pathway activity that displays the negative effect. These differences are not surprising. The yeast organism changes with age, and it is not the same in the presence and in the absence of stress. Thus, the effects of Ras2p on longevity would be expected to differ depending on environmental conditions and on whether growth and cell division are possible.
Contrary to the detrimental effects of chronic bouts of sublethal heat stress, transient sublethal heat shock early in the replicative life span results in an increase in longevity (96) . This beneficial effect is due to a decrease in mortality rate that persists over several generations but is not permanent. This life extension requires active mitochondria and both RAS1 and RAS2. The requirement for RAS1 distinguishes this phenomenon from the effects on life span of chronic bouts of heat stress. Presumably, RAS2 is necessary to downregulate stress response genes and to upregulate genes necessary for growth. However, the requirement for RAS1 is perplexing because this gene is redundant to RAS2.
A clue to the role of RAS1 in life extension by transient sublethal heat stress may be its role in glucose-stimulated inositol phospholipid turnover in yeast (52). Yeast sphingolipids contain inositol, and they are required for resistance to a variety of stresses, including heat (19) . Transient sublethal heat stress may cause a Ras1p-dependent, persistent change in sphingolipid pools (40) . Sphingolipids in yeast and in other eukaryotes can give rise to ceramide, which is a signaling molecule important in cell growth, proliferation, differentiation, apoptosis, and senescence (33, 79) .
LAG1 at the Nexus of Growth Control and Stress Responses
The first yeast longevity gene cloned was LAG1 (21) . It was identified as a gene that is differentially expressed during the replicative life span. Subsequently, a deletion of the gene was found to extend the replicative life span. Homologs of this gene have been found in higher eukaryotes, including human (11, 50, 66, 86) . However, the biochemical function of Lag1p has been elusive until recently. Lag1p has been found to improve the kinetics of transport of glycosylphosphatidylinositol (GPI)-anchored proteins from the endoplasmic reticulum to the Golgi (5). Evidence suggesting that the protein may be involved in sphingolipid metabolism has appeared (11) , indicating that the effect on GPI-anchored protein transport may be secondary to this role. Sphingolipids are the source of these anchors in yeast (100) .
Lag1p and its homolog Lac1p are essential components of ceramide synthase, which synthesizes ceramide from C26(acyl)-coenzyme A and dihydrosphingosine or phytosphingosine in a reaction that is sensitive to the antibiotic fumonisin B1 (31, 92) . The presence of either Lag1p or Lac1p suffices. Absence of these proteins and of normal ceramide synthesis slows growth and renders cells sensitive to elevated temperatures in some genetic backgrounds while making them unviable in others. The involvement of the longevity gene LAG1 in sphingolipid metabolism (31, 92) In yeast, sphingolipid metabolites perform signaling functions in diverse phenomena (Figure 3) , such as endocytosis, exocytosis, protein transport from the endoplasmic reticulum to the Golgi, G 1 cell cycle arrest, heat stress responses mediated by the Msn2p-Msn4p transcription factor, and heat stress-mediated degradation of plasma membrane permeases (14, 20, 76, 84, 119) . Thus, LAG1 is well positioned to play a central role in cellular homeostasis by modulating metabolism and stress responses, in similarity to the RAS genes. Indeed, there may be an interaction between LAG1 and RAS1 in their effects on heat stress responses through sphingolipid metabolites.
In mammalian cells, ceramide directly downregulates phosphatidylinositol-3 kinase (PI3K) activity (120) as well as protein kinase B (93), in addition to affecting other signal transduction pathways (79) . Endocytosis in yeast is signaled by sphingolipid metabolites acting on Pkh1p and Pkh2p, which are 3-phosphoinositide-dependent kinases (28) . This provides an intersection between sphingolipid metabolism and PI3K cell signaling in yeasts. On the other hand, G 1 -arrest of yeast growth by ceramide involves a ceramide-activated protein phosphatase 2A (Figure 3 ), which has Sit4p as one of its three subunits (84) . Sit4p is one of the mediators of the TOR kinase pathway in the cellular response to nutrients (7) . Sphingolipid metabolites also affect nutrient availability directly by stimulating ubiquitin-dependent degradation of plasma membrane permeases during heat stress (14) . Thus, it is possible that LAG1 intersects with other metabolic mechanisms of yeast longevity, such as the retrograde response and caloric restriction. Through effects on nutrient availability, LAG1 might also affect filamentous growth.
WHY ARE YEASTS BORN YOUNG?
Two fundamental questions must be answered to provide a full explanation of the limited replicative life span of yeasts. The first concerns the causes of aging of the mother cell, such that its life span is limited. This has been the subject of discussion thus far. The second question is directed to the immortality of the yeast strain or clone. It can be rephrased as a query into the mechanisms that guarantee the potential for a full replicative life span to daughter cells.
The issue of age asymmetry between mother and daughter has been addressed directly through the isolation of mutants in which it is disrupted (61a). Temperaturesensitive mutants that show clonal senescence at restrictive temperature were isolated and produced daughter cells of the replicative age of their mothers at the time of birth. One of these was a point mutant in ATP2, which encodes the β-subunit of mitochondrial ATP synthase, a protein that is highly conserved throughout phylogeny (10) . This mutation did not affect the growth rate even on a nonfermentable carbon source, when oxidative phosphorylation is the source of the bulk of the energy. The atp2 mutant, however, showed a decline in mitochondrial membrane potential, followed by the appearance of cells with a diminished content of mitochondria (61a). This was coupled to a change in mitochondrial morphology and distribution in the cell. Daughter cells received few or no mitochondria at restrictive temperature. This phenotype explains the clonal senescence of the mutant. Mutants in EST1 also result in clonal senescence by inducing telomere shortening (74) . However, this is not the result of a disruption of age asymmetry. Telomeres do not normally shorten during the yeast replicative life span (22) .
Events similar to those that occur during induced clonal senescence in the atp2 mutant also take place during the course of normal aging in yeast (61a) . There is a progressive loss of mitochondrial membrane potential during the replicative life span of wild-type yeast. This could be due to oxidative stress, which increases with age in yeast (63) . Furthermore, the older the mother cell is the more likely it is to generate daughter cells that have a low mitochondrial membrane potential (61a). Thus, daughter cells of atp2-mutant mothers would also be more likely to receive dysfunctional mitochondria from their mothers as these mothers aged, resulting in loss of age asymmetry and a curtailed life span. Dysfunctional mitochondria could readily constitute the "senescence factor," whose operation during yeast aging was deduced some time ago (23) . A senescence factor has been invoked to explain the shortened life spans of daughter cells produced by old yeasts (38, 55) .
The studies with the atp2 mutant indicate the impact of mitochondria on the aging process. More generally, they suggest a requirement of proper partition of cell components and the "filtering" of damaged constituents from daughter cells in the maintenance of heritable age asymmetry. Examples of cellular asymmetry have been described in yeast, especially with respect to the mating-type switch. The filtering referred to here would benefit from a diffusion barrier between mother and daughter, based on plasma membrane compartmentalization as described recently (106) . Filtering of damaged mitochondrial DNA, on the other hand, may occur through recombinational mechanisms (85) .
It is virtually a given that the maintenance of age asymmetry and the filtering of damaged cell components require communication between subcellular compartments and organelles. It is likely that there are checkpoint controls that monitor these processes. Breakdown in this intracellular communication, or in other words the connectivity, could be an important factor in the biological aging process. The same principles may pertain to the perpetuation of stem cell lineages.
GENE DYSREGULATION
One cause of aging in yeast could be changes in the epigenetic inheritance of different regulatory states of chromatin (37) , leading to unscheduled transcription and a state of gene dysregulation (39) . The antecedents for such a process are the loss of transcriptional silencing of heterochromatic regions of the yeast genome during the replicative life span (58, 102) . Such a loss of silencing may occur during senescence of human cells in culture (6) . The loss of silencing of subtelomeric regions during aging is not uniform throughout the yeast genome (58) , providing ample opportunity for chance to intervene in the aging process.
The association of silencing with aging received causal underpinnings with the implication of histone deacetylase genes in determining replicative life span. Deletion of the histone deacetylase genes RPD3 or HDA1 increases life span, whereas deletion of SIR2 shortens it (57) . These histone deacetylases regulate silencing at the three known heterochromatic regions in the yeast genome, including the silent mating-type locus, subtelomeric regions, and ribosomal DNA (57, 91, 104) . However, the life span-extending effects noted correspond most closely to increased silencing at the ribosomal DNA locus (57) . Sir2p is an NAD-dependent histone deacetylase (36, 62, 103) , which has already been discussed in the context of metabolic mechanisms of aging. It has recently been found to extend the life span of the nematode Caenorhabditis elegans when provided as a transgene (109) . The conclusion that the effects of Rpd3p and Hda1p on silencing are direct rather than through an effect on transcription of the Sir proteins has received experimental support recently (8) .
It has been proposed that one of the ways in which the retrograde response and the histone deacetylase genes affect life span is through their influence on protein metabolism (43, 57). Protein synthesis declines with age in yeast, even though there is an increase in ribosomal RNA content (82) . Perhaps there is an imbalance between production of ribosomal RNA and protein, which is at the root of the decrease in protein synthesis with age. Deletion of RPD3 increases silencing of ribosomal DNA and would restore the balance. Induction of the retrograde response increases synthesis of ribosomal RNA (15) , and it may do the same for ribosomal proteins (25) . Thus, it would also balance ribosome production.
There are other genes that affect both transcriptional silencing and replicative life span in yeasts, including ZDS1 and ZDS2 (90) and RAS2 (46). There are many genes whose transcription can be affected by these genes and the histone deacetylases discussed above. Just as in the case of the retrograde response and caloric restriction, it will not be easy to determine the factors proximal to life span determination caused by changes in silencing status of chromatin. Indeed, the individual changes may not be important in themselves. The issue may be the loss of homeostasis caused by gene dysregulation, which can be caused by many different combinations of gene expression changes and the secondary effects they may elicit. Such a situation could readily give rise to the individual differences in the aging phenotype. The opposing actions of Rpd3p and Hda1p on the one hand and Sir2p on the other would maintain the overall equilibrium between transcriptionally active and silenced chromatin, a balance that shifts in the direction of loss of silencing with replicative age.
It has been demonstrated that extrachromosomal ribosomal DNA circles (ERCs) accumulate during the yeast replicative life span and that artificial induction of ERCs can cause cell death (99) . ERCs arise from the tandem repeats of ribosomal DNA that are present in 100 to 200 copies in the genome. Changes in chromatin structure at the ribosomal DNA locus, such as would occur with loss of silencing, may facilitate ERC production during aging, a form of genetic instability. Deletion of FOB1 eliminates ERCs and increases life span (18) , which indicates a causal role for ERCs in yeast aging. This conclusion depends on the assumption that FOB1 affects ERC production alone, which is not proven and not likely to be the case. This difficulty in arriving at causality in aging research is not an isolated one.
The significance of ERCs as a potential factor in human aging was suggested by the life span-shortening effect in yeast of deletion of the SGS1 gene, which encodes a homolog of the human gene WRN (98) . WRN encodes a DNA helicase, a mutation that results in a premature aging syndrome (118) . In one set of studies, deletion of SGS1 led to ERC appearance (99) . However, in another, deletion of SGS1 did not result in ERC accumulation, and the shortened life span of the sgs1 mutant was rescued by human BLM and not by WRN (34) . Interestingly, the retrograde response results in massive ERC accumulation (15) , but at the same time it extends life span (59) . Thus, ERCs are not sufficient to cause aging under all conditions; they are not necessary either (57) .
YEAST AGING: A MICROCOSM OF AGING IN OTHER SPECIES
The study of aging in yeast points to four broad principles at play: metabolic capacity, stress resistance, gene dysregulation, and genetic stability. These four principles could already be discerned several years ago in species from yeast to human (39) , and this convergence is even more obvious today (56) . The extent of the similarity reaches the modulation of longevity by a common signal transduction pathway in C. elegans and in Drosophila melanogaster (Figure 4) , certain components of which can also be seen at work in yeast and in mouse (56) . A striking feature of the physiological responses whose operation is evident in life span determination across species is their essential function in dispersal forms, such as spores, and in the seasonal dormancy of diapause (39) . The marshaling of metabolic resources and resistance to stress that this portends may be conducive to a long adult life span.
The significance of intracellular communication in determining life span in yeast has already been pointed out. In the retrograde response, this communication involves at least three organelles: mitochondria, peroxisomes, and the nucleus. The traces of several signal transduction pathways that impinge on longevity can be recognized in yeast. Certain key genes, such as RAS2 or LAG1, modulate these pathways but do not appear to be integral components. This allows these genes to exert their effects on multiple pathways and processes and thus to function as homeostats. The connectivity of this elaborate circuitry determines life span. Changes in this connectivity, even subtle ones, can lead to new set points in the aging system and ultimately to loss of homeostasis (41, 46) . Intracellular communication is likely to play a role in aging in mammals. It is instructive that a mouse model of mitochondrial cardiomyopathy can survive several months and that its life span is determined by genetic background (67) . Compensatory mechanisms are at play, and these may be akin to the retrograde response in yeast. The components of a retrograde response may also help determine extreme longevity in humans (9, 17) . Thus, the yeast aging system serves as a facile means of generating hypotheses for testing in higher eukaryotes.
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